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Introduction

The alphaviruses are a widespread group of human pathogens that are present in many
parts of the world (Griffin, 1986; Monath, 1988; Peters and Dalrymple, 1990). They are
mosquito-borne and are particularly prevalent in tropical and subtropical areas of the world, but
alphaviruses pathogenic for man are also present in temperate areas. Many alphaviruses are
capable of causing fever, rash and arthralgia in man that in some cases may be disabling for
extended periods of time. Many of the New World alphaviruses can cause encephalitis in man.
Our program attempts to understand the molecular basis of alphavirus immunogenicity and to

determine the relationships of alphaviruses and strains of alphaviruses to one another.

We reported last year that strains of Sindbis virus from Northern Europe referred to as
Ockelbo virus and Karielian fever virus, which cause an illness characterized by polyarthritis
whose symptoms can persist for months or years, were very closely related to pathogenic strains
of Sindbis virus isolated from South Africa (Shirako et al., 1991). We concluded that a South
African strain of Sindbis virus was introduced into Northern Europe, probably in the 1960's,
either by the activities of man or by migratory birds, and this led to epidemics of Ockelbo disease
in Sweden. The virus then spread to Finland and the Karelian region of the Soviet Union,
probably in the 1980's, causing epidemics of disease called Pogosta disecase and Karelian fever,
respectively. We also found that repeated sequence elements found in the 3' nontranslated region
of Sindbis viruses are much more highly conserved than sequences outside these elements, and

concluded that these repeated elements must play an important role in RNA replication.

In the past year we have continued our sequencing efforts on alphaviruses in order to
determine the relations of these viruses to one another. These have included the n<P3-nsP4
regions of a South African strain of Sindbis virus in in order to examine the relationships within

these domains between South African Sindbis viruses and the Northern European Ockelbo viruses
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begun last year. We have also examined Whataroa virus, a virus related to Sindbis virus isolated
from New Zealand, an Indian isolate of Sindbis virus, and an Australian isolate of Sindbis virus in
order to determine the relationships of these viruses to one another. We have begun sequencing of
Aura virus in order to search for emergent viruses. We had previously found that Western equine
encephalitis virus, found throughout North and South America, arose by recombination between
Eastern equine encephalitis virus and a New World alphavirus related to Sindbis virus. Aura virus
has been isolated in Brazil and Northern Argentina and is known from serological studies to be
related to Sindbis virus. We wished to determine if Aura virus was the second parent of Western

equine encephalitis virus.

We are also interested in the localization of neutralizing antibody-binding sites in
alphaviruses. The knowledge of immunogenetic domains is important in developing vaccines.
Neutralizing antibodies bind to the glycoproteins of alphaviruses and prevent them from attaching
to susceptible cells or prevent them from penetrating cells. The exact mechanisms by which
neutralizing antibodies inactivate a virus are somewhat controversial and differ from case to case,
but at least in some cases the antibody neutralizes by binding to the structure on the surface of the
virus that interacts with a receptor on the cell surface, thus directly blocking the virus from
interacting with its receptor. In these cases anti-idiotypic antibodies made against such antibodies
may function as anti-receptor antibodies. In studies of antibody escape variants we have
identified domains of glycoprotein E2 which appear to be important for virus neutralization
(Strauss et al., 1991). Here we report that we have been able to use Agtl1 expression libraries to
directly demonstrate interaction between a neutralizing antibody and a specific domain of
glycoprotein E2. Such a result is significant because cases have been described in which resistance
to a monoclonal antibody (mAb) arose from single amino acid substitutions away from the actual
antibody binding site (Diamond et al., 1985; Parry et al., 1990). Thus it is possible to induce
changes in conformation of the antibody-binding regions with amino acid substitutions outside the

epitope, and direct demonstration of antibody binding to a defined region is important. Because
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this neutralizing monoclonal antibody used here elicits production of anti-idiotypic antibodies
which act as anti-receptor antibodies in chicken cells (Wang et al., 1991), this domain is also
implicated in attachment to the surface of a susceptible cell. A complete description of these results
has appeared in the Journal of Virology 65, 7037-7040 (1991). A preprint of this paper entitled
"Usc of a Agt11 expression library to localize a neutralizing antibody-binding site in glycoprotein
E2 of Sindbis virus,"” by K. S. Wang and J. H. Strauss, was submitted to the U.S. Army Medical

Research and Development Command at the time of submission to the journal.

Methods Used

Virus Strains. South African strains of Sindbis virus, Whataroa virus, Indian and
Australian isolates of Sindbis virus, and Aura virus were obtained from Dr. J. M. Dalrymple of

USAMRIID. Viruses were grown and purified as previously described (Shirako et al., 1991).

cDNA clones for most of the viruses were produced using standard methods (Sambrook et
al., 1989). First strand cDNA was made using oligo(dT) as a primer and second strand synthesis
was by the method of Gubler and Hoffman (Gubler and Hoffman, 1983). In some cases HindIII
fragments of the cDNA were cloned into vector pGem3Z. In other cases EcoRl linkers were added
to double-stranded cDNA and the cDNA cloned into the EcoRlI site of pGem3Z. DNA sequencing
and RNA sequencing used standard technology that is in common use in our laboratory (Hahn et

al., 1989; Rice et al., 1985; Rice and Strauss, 1981; Shirako et al., 1991; Strauss et al., 1984).

Construction of a Random c¢cDNA Library of Virus RNA. We have also
developed methods suitable for high throughput automated DNA sequencing in order to speed up
the acquisition of sequence data. For this we used Whataroa virus, strain M78, isolated in 1962 at
Westland, New Zealand, from Culex pervigilans, as a test virus. The virus was propagated once

in primary chicken fibroblast cells and purified by sucrose gradient centrifugation. The RNA was
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extracted by an SDS/phenol method, precipitated in ethanol, and suspended in water. First strand
cDNA was synthesized with 2 pg of virus RNA using 200 pmol of pd(N)g and 2 pmol of dT}7
by AMYV reverse transcriptase. The second strand DNA was synthesized by the Gubler and
Hoffman (Gubler and Hoffman, 1983) method. The double-stranded cDNA was blunt ended with
T4 DNA polymerase in the presence of RNase A, extracted with phenol/chloroform, and
precipitated with ethanol. After methylating internal EcoR1 sites with EcoRI methylase, the DNA
was electrophoresed in an LMP agarose gel and a 2-4 kb fraction was isolated by a CTAB method
as described elsewhere (Shirako and Strauss, 1992). The isolated DNA was kinased with T4
DNA polynucleotide kinase and ligated to kinased EcoRI linkers. The ligation products were
digested with EcoRI, extracted with phenol/chloroform, precipitated with ethanol, and
electrophoresed in an LMP agarose gel. The 2-4 kb fraction was isolated by a CTAB method and
ligated to an EcoRI-digested, CIAP-treated pGEM3Z vector. The ligated DNA was transformed
into E. coli IM109. One hundred clones that appeared to contain inserts were selected randomly
and characterized by restriction analysis of the DNA prepared from 0.5 ml of bacterial cultures.
Ninety-six clones were were found to contain inserts larger than 1.0 kb. Fifty clones containing
larger inserts were further selected and the DNA was prepared from 10 ml of bacterial cultures by

a modified boiling method.

Construction and Screening of the Bacteriophage Library. Sindbis virus strain
AR339, from A. Schmaljohn of USAMRIID, was grown in monolayers of primary chicken
embryo fibroblasts (Pierce et al., 1974). Virus was purified as described (Bell et al., 1979),
disrupted with 0.5% SDS, and 49S genomic RNA extracted with phenol/chloroform (Hsu et al.,
1973). After two ethanol precipitations, RNA was suspended in distilled water and stored at -70°C

until use as a template for cDNA synthesis.

A Agtll library containing short inserts of Sindbis cDNA was constructed by a

modification of the procedure of Young and Davis (Young and Davis, 1983). cDNA synthesis
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was randomly primed with sonicated salmon testis DNA; [32P}dCTP was included during cDNA
synthesis in order to monitor the product. After flush-ending with the Klenow fragment of DNA
polymerase I, methylation with EcoRI methyltransferase, and addition of EcoRI linkers
(Collaborative Research), the modified cDNA was digested with an excess of EcoRI restriction
enzyme. The digested cDNA was then fractionated on a Sephadex CL-6B column, and Sindbis
cDNA fragments 100-300 base pairs in size were pooled and ligated to dephosphorylated Agt11
arms (Promega). After in vitro packaging into phage heads (Stratagene), the percentage of phage
containing Sindbis virus cDNA inserts was found to be 90% by plating phage on E. coli Y1090 in
the presence of 5-bromo-4-chloro-3-indolyl B-D-galactoside. Plaques were screened for reactivity
with the various mAbs. Phage plaques were grown for 6 hrs at 42°C, nitrocellulose disks
(Schleicher & Schuell) soaked in 10 mM isopropyl thio-B-D-galactopyranoside were then placed
on the top of the agar layer, and the plates were transferred to 37°C for 15 hrs. The filters then
were lifted and washed successively in 10 mM Tris-Cl pH 7.5 and 150 mM NaCl containing 5%
nonfat milk. The filters were incubated overnight at 4°C with monoclonal antibody (10 pg/ml in
PBS containing 5% nonfat milk), washed, 125I-conjugated protein G (0.5 pCi/ml in 5% nonfat
milk) added, and the filters were incubated for at least 2 hr at room temperature. After washing
and drying, the filters were exposed overnight at -80°C to Kodak-X-OMAT film. Immunoreactive

phage were picked and rescreened until a uniformly reactive population was obtained.

Sequence of the nsP3 and nsP4 Region of Alphaviruses

We have obtained the complete sequence of the nsP3-nsP4 region, approximately 3.5 kb,
for four new alphaviruses. These are a South African strain of Sindbis virus isolated from a
human case of Sindbis disease, Whataroa virus from New Zealand, an Indian isolate of Sindbis
virus, and an Australian isolate of Sindbis virus. Information on these strains and on a number of

other strains with which we are currently working, is given in Fig. 1. Shown is the name of the
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strain, the source from which the virus was isolated, the year and place of isolation, and the status

of our work with the virus.

The four new sequences obtained are presented in Figs. 2 to 5. Threse nucleotide
sequences and the amino acid sequences deduced from them illustrate the close relationships
among these alphaviruses and confirm that South African strains of Sindbis virus are very closely
related to Ockelbo virus and its allies. nsP4 in particular is very highly conserved. The C-terminal
domain of nsP3, which is not highly conserved among alphaviruses, shows more variability, but
in each case there is an opal termination codon between nsP3 and the beginning of nsP4 which

must be read through in order to produce nsP4.

The relationships among these viruses are illustrated in numerical fashion in Fig. 6. South
African Girdwood and Ockelbo exhibit only 1.3% sequence divergence in nsP4 and only 1.8%
divergence in the conserved region of nsP3. The Indian and Australian isolates have diverged by
7-10% from these strains in nsP3 and nsP4. Whatarca virus is clearly related to these Sindbis
viruses but differs by 12-16% in amino acid sequence in these regions from the Sindbis virus

strains.

High Throughput Automated DNA Sequencing

Several companies, including Applied Biosystems, now make automated DNA sequencers
which can greatly speed up the rate of acquisition of sequence data. In order to use such a system,
random cDNA clones must constructed which represent the entire viral genome and DNA must be
prepared from such clones that is highly purified and suitable for automated sequencing. We have
shown that it is feasible to use the Applied Biosystems sequenator to sequence alphaviruses by
using Whateroa virus as a test virus. Random cDNA clones were constructed in a plasmid vector
and plasmid DNA was subjected to high throughput automated DNA sequencing. Preparation of

plasmid cDNA libraries containing a representative sampling of the Whateroa genome required




Figure 2. nsP3/nsP4 of A1036 (1953, iralgﬁa,lﬁdellonyssus bursa)
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Figure 2. nsP3/nsP4 of A1036 (1953, India, Bdellonyssus bursa)
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Figure 2. nsP3/nsP4 of A1036 (1958, India, Bdellonyssus bursa)
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ACAGACAUCGCGUCAUUCGAUAAGAGUCAGGACGAUGCGAUGGCCCUGACUGGGCUGAUG
T D I A §S F b K $ Qbbb A MALTGTL M

AUCCUGGAGGACCUCGGCGUCGAUCAACCGCUGCUGGACCUCAUCGAGUGUGCCUUCGSA
I LEDTLGT VDGO PTLTLTDTLTITETCA ATF G

GARAUAUCAUCUACGCAUCUGCCUACUGGGACACGGUUUAAGUUCGGCUCAAUGAUGARA
E I S S T HTLTPTTGTTRTEFTEKTFTGSMM K

UCCGGAAUGUUUCUUACGCUCUUCGUGAACACCAUCUUGAAUGUCGUGAUCGCUAGUCGC
S GMFTLTTLTPFTVNTTITLTNVVTIA AS R

GUGCUUGAGCACAGGUUAACAGGAUCACGAUGUGCCGCAUUCAUUGGAGACGAUAACAUC
VILEHTRTLTTGS ST RTC CA AR MATFTITGTDTDNI

AUCCACGGCGUGGUAUCAGACAAGGAAAUGGCCGAAAGGUGCGCCACUUGGCUGAAUAUG
I H GV VS SDZ KTEMATETERCATMWILNM

GAGGUAAAAAUCAUUGACGCGGUGAUCGGCGAGCGUCCUCCGUAUUUCUGUGGUGGCUUU
EV K I IDAVTIGTETRTPTPJTYTFTC CGSGF

AUACUACAGGACUCUGUCACCCAAACAGCCUGUCGAGUGGCUGACCCCCUAAARAGACUG
I L QDS VT QTA ATCTRVYVATDTPTLTEKTR RL

UUCAAGCUAGGAAAACCUUUGCCCGCAGAUGAUGACCAAGAUGAAGACAGAAGAAGGGCU
F KL G KPTLPADTDT DA OTDTETDT RTERTRA

UUGCUGGAUGAGACUAAGGCGUGGUUUAGAGUGGGCAUAACCGAAACAUUGGCUACUGCG
L LDETT KA AMWTEFT RTVGTITTETTLTA ATRA

GUAGCAACGCGGUACGAAGUUGAUAACAUCACGCCUGUCCUGCUGGCACUGAGGACCCUU
VATRTYTEVDRNTITTPVILTLATLTERT L

GCGCAAAGCAAGAGAUCCUUUCAGUCCAUAAGAGGGGAAAUGAAGCAUCUCUACGGUGGU
A O S KRTGSTFOQS STIRGEMEKTEHTLLYSGG

CCUAAAUAG 3489
P K *

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

Figure 2. Translated sequence of the nsP3-nsP4 region of Sindbis strain A1036,
using the single letter amino acid code. nsP3 and nsP4 are translated as part of a
polyprotein encoded by nucleotides (nts) 4100 to 7600 in the type virus genome. In
this and the following 3 figures, nts are numbered from the amino terminus of
nsP3. The star at nt 1636 indicates the opal codon separating nsP3 and nsP4; the
star at nt 3489 is the termination codon of nsP4. The amino terminal residue of
processed nsP4 is Tyr (Y) encoded by nts 1657-1659.
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Figure 3. nsP3/nsP4 of MRM 18520 (1975, Australia, mosquito pool)

GCUCCGGCCUACCGCUCGAAACGUGAGAAUAUCGCCGAAUGCCUUGAAGAGGCCGUAGUU
A PAYRGST KT RETNTIATETCTLTETETA AUVUV

AACGCCGCGAACCCACUCGGACGUCCGGGCGAAGGGGUGUGUARAGCCAUAUAUAAARAA
N A ANPTLTGT RTPEPTGETGT VT CTZ KA ATIJY KK

UGGCCCAAUAGUUUUGUCGAUUCUGCGACAGAGACUGGAACAGCUAAGCUAGUGUGCUGU
W PNGSTFVDSATTETTGTA ATZEKTELTUTYVTCLC

CAAGGAAAAAAGAUUAUCCAUGCCGUCGGACCUGACUUCCGUARACACCCCGAGGCAGAA
0 G K KITIHAVGPDTFTERTEKTEHTEPTER A E

GCGCUGAAGAUUCUCCAGAACACAUACCACGCCAUCGCAGAUUUGGUUAACAAACAUGGA
ALKTITLG QTNTJYHATA ATDTLTVNTKHG

AUCAAGACCGUAGCGAUCCCGCUUCUAUCCACCGGGAUUUACGCAGCGGGARAAGACAGA
I KTVATITPTLTLTSTGTIZYA AR ATGTEKTDR

CUUGAGGUCUCUUUAAACUGCCUCACUACCGCCCUGGACAGAACUGACGCAGACGUCACA
L EV SLNC CTLTTA ATLTUDTRTTDATDUV T

AUCUACUGCCUUGACAAAAAAUGGAAAGAACGGAUUGAUGCGUUUAUACAGUUGAAGGAG
I Y CLDX KW XKETRTITDATFTIGOQTLKE

UCGGUGACGGAACUGAAGGAUGAUGACAUGGAGAUCGACGACGAAUUAGUAUGGAUCCAC
S VTETLTZEKDTODTDMETITDTODTETLTVTWTIH

CCGGAUAGUUGCCUCAAGGGUAGGAAAGGGUUUAGUACGACGAAGGGCAAGCUCUACUCG
P DS CTLZEXKTGT RTERKTGTFTSTTTERKTGTE RKTLJYS

UACUUUGAGGGGACUAAAUUUCAUCAAGCAGCAARAGACAUGGCUGAGAUCAAGGUACUU
Y FE GTP XKTPFUHTOA AR BATEKTDMAETITEKTVYTL

UUUCCCGAUGAGCAAGAGUGCAACGAGCAACUGUGUGCAUACAUUCUAGGCGAAACCAUG
F PDEOQTETGCNTETG QTLTCA ATYTITLTGTETM

GAAGCCAUCAGGGAAAAAUGUCCAGUGGACUUUAAUCCGUCGUCCAGUCCGCCGAAGACG
E A I REKCTPUVDTFTNTPSTSSPTPTZ KT

CUUCCCUGUUUGUGUAUGUACGCCAUGACGCCCGAGAGAGUGCACCGCUUGCGUAGCAAU
L P CLCMZYAMTGPETZ RVYTHTERTLTPERTS N

AACGUCAAAUCCAUCACAGUAUGCUCGUCAACCCCGCUUCCGAAGCACAARAUUAAGAAC
NV KSTITVE CSSTTPTLTPZ KTEH TETTEKN

GUUCAGAAAGUACAGUGCACGAAAGUAGUCCUAUUCAACCCACAAACGCCUGAAUUUGUC
VQ KVQCGCTTZEXKVVTLTFDNTPOQTTPETFUV

CCUGCCCGCAAGUACAUAGAAACACAACCGAAGGACGACAGUCAAGAGGCGGAAGARAAC
P ARKTYTITETT QTP PEXKTDTDTSO OTEA ATETEN

CCUGCCGCAGCCGAURACACUUCACGGGAUGUAACAGACGUAUCUCUAGAUGUGGAAGGA
P AAADUNTS ST RDUVTDUVSTLDVE G

GAUCGCGUUGCGGCCAACCGAUCAGAGGUGCACUCAGAGGACAACACCUCCCGAGAUGUA
D RV AANTPERSTEVEHTSTETDTUNTT ST RDUV

ACAGACAUAUCUCUAGACCACAACAGUGAUAGCGAGGUGGGCUCCAUUUUCUCUGACCUC
T b I S L D HNTGSTDSETVTGSTITFSTDL

AGCUGCUCCAGUCAUUCCAUCACCAGCAUGGACAGCUGGUCCUCCGGACCGAGCUCGAUC
S C S S H S TITS SMDGSMWS S GOP P S S I
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Figure 3. nsP3/nsP4 of MRM 18520 (1975, Australia, mosquito pool)
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AUGCUAAACGGGAAUCACACCAUCCAGGUCACGGCAGAGAUACACAACGCUCCUGCUGCA
M L NGNJBEHTTIOVTA ATETITGHTNATPAA

CCGCCCGUACCACCACCACGCCUCAAGAAACUGGCGCGCUUGGCAGCUCAGAAGUCCGAU
P PV PPPRTELTEKTEKTELATRTLTGAG AGCQLTEKSTD

CCGCCAUCCAGCCCGCCCUCAACGGUUGAGGACGUGUCGAUGCGCCUGUCAUUCCCUGCE
P PSS PPSTVETDTVSMERTELSTFTP A

ACGGUGUCAUUCGGAUCUUUUUCUGACGGCGAAGUCGACGAUCUUAGUCGCGAAAAAGCA
T VS FGSTFSDTGTETVTDTDTILTST RTE KA

GUGUCAGAACCAGUGGUCUUUGGUGCUUUCGAGCCAGGAGAGGUAACAUCUAUCAUUGAA
V S EPVVFGATFTETPGEUVTSTITIE

GCAAGGUCUéUCGUGUCAUﬁCCCCGUGAA&AAACGCCGGéGCAGGAGACéGGGCCAAAAé
A R S VV S F P VNI KU RIRIRIRRIRGOQK

AAAACCGAAUAUUGACUAACCGGGGUAGGUGGGUAUAUCUUCUCGACUGACACGGGACCG
K T E Y * L T GV GG JZYTIFSTTDTSG b

GGUCACCUCCAGAAAAAAUCGGUUCUACAAAACCAGCUUACGGAACCGACCCUCGAGCGU
G H L OKZEKSVILOQONTGOTLTTETPTTLTE R

AAUCAAUUAGAACGAGUGUAUGCACCCAGUCUUGAUGCCAAGAAAGAGGAACUCUUGARA
N QLESRTVYJGYA ATPSTILTDA ATZRKTE KTETETLTL K

CUCAAGUACCAAAUGAUGCCCACCGAAGCCAAUAAAAGUAGGUACCAGUCUAGAAAGGUA
L KY OMMTPTTETA ARNTZEKTST RYOSTR RZEKUV

GAAAACCAAAAAGCCGUAACCACCGAGAGGUUACUGUCGGGAUUGAAGAUGUACAUUCAC
ENOQ KAVTTTET RTELTULTSTGTLTE KMYTI H

UCAGAGAACCAACCCGAGUGUUACAAGGUCACCUAUCCGAAACCGUCGUACUCUAGCAGU
S ENOTPTETCYKTVTJYPEKPSTYSS S

GUUCCCCUUAGUUACCAGAGCCCCGAAUUCGCCGUAGCCGUCUGCAAUAACUACCUGCAU
vV P L S Y Q § P E F A V A V CNNUY L H

GAGAAUUAUCCAACGGUUGCCUCCUAUCAGAUUACGGAUGAAUAUGACGCCUACCUUGAC
E NY P T VA S Y Q I T DE YDA AY L D

AUGGUGGACGGCACCGUAGCGUGUCUCGACACCGCUACAUUUUGCCCCGCGARAUUACGE
MVDGTVA ATCTLTDTA ATTFTCTPATZEKTL R

AGCUUCCCGAAGAAACACGAGUACCGAGAACCUAACAUCAGGAGCGCCGUACCGUCCGCU
S F P KKHTEZYTRTETPNTITRTSAVTES A

AUGCAGAACACUCUACAGAACGUCCUGAACGCAGCAACAAAGAGGAAUUGCAAUGUUACU
M ONTTLGONTVTELTNAATTEKT RINTC ECTNU VT

CAGAUGAGAGAACUACCGACUUUAGACUCCGCAACCUUUAAUGUGGAAUGCUUUCGAAAG
OMRETLTPTTLUDTGSATTFNVTETCTFTRK

UACGCGUGCAACGACGAGUAUUGGGCUGAAUUCUCCGAAAAACCAAUUAGGAUCACCACA
Y ACNTJDTETYTWATETFTSTET KT PTIT RTITT

GAGUUUGUCACGGCGUACGUGGCGAGAUUGAAGGGACCAAAGGCUGCUGCACUGUUUGCU
E F VTAZYJTVA AT RTLTEKTSEGTPTE KA AA AR MATLTF A

AAAACGCAUAACCUAGUCCCACUGCAAGAAGUACCUAUGGACAGGUUUGUGAUGGACAUG
K T H NIL UV PL Q EV PMDU RV FV MDM
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Figure 3. nsP3/nsP4 of MRM 18520 (1975, Australia, mosquito pool)
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AAGCGAGACGUUAAGGUGACUCCGGGCACGAAGCACACCGAAGAAAGACCCAAAGUGCAG
K R DV KVTTPGTTXKTHTTETET RTPTEKTVQ

GUAAUCCAAGCGGCAGAGCCUCUAGCUACAGCCUAUUUAUGCGGCAUCCACCGUGAGCUG
V I QAATETPTLATA ATYTLTCECTGTITHTERTEL

GUACGCAGGCUUACCGCAGUCCUGCUUCCGAACGUACACACCCUUUUUGAUAUGUCUGCG
VRRLTAVTELTELTPNTYIBHTTLTFTDMS A

GAAGAUUUCGAUGCUAUCAUUGCCGAGCAUUUUCACCAGGGUGACGCUGUGCUCGAGACA
EDFDATITIA MATETBHTPFUHOQGOGTDA AVTELTET

GACAUCGCGUCGUUCGAUAAGAGCCAAGACGAUGCGAUGGCCCUGACGGGGCUGAUGAUC
D I ASTFTUDTEKS ST ODTDA AMATLTTGTLMTI

CUGGAGGACCUCGGAGUCGACCAGCCAUUGCUGGACCUCAUCGAGUGCGCCUUCGGGGAA
L EDTLGT VDO QZPTLTLTUDTLTITZETCA ATFGE

AUAUCAUCUACGCACCUGCCGACCGGGACACGGUUUAAGUUCGGCUCAAUGAUGAAAUCC
I S S THTLTPTGTT RTETEKTFEFTGSMMTE S

GGAAUGUUCCUCACGCUCUUUGUGAACACCAUCUUGAAUGUCGUGAUAGCUAGUCGCGUG
G M F L T L F V NTTI UL NUVV I A S RV

CUCGAGCACAGGUUAGCAGAAUCACGAUGCGCCGCAUUCAUCGGAGACGACAAUAUUAUU
L EHRTLAET ST RTCAATFTITGDTUDRNTII

CACGGCGUGGUAUCCGACAAAGAAAUGGCUGARAGGUGCGCCACUUGGCUGAAUAUGGAG
H GV VS SDTZEKTETMAMATET RTCATTWILTNME

GUAAAAAUUAUUGACGCAGUAAUUGGCGAACGUCCUCCGUACUUCUGUGGCGGCUUUAUA
VKITIDATVTIGETRTPPZYTFT CGTGTFTI

CUGCAGGACUCAGUCACCCAAACAGCCUGCCGAGUGGCGGACCCCCUAAAAAGAUUGUUC
L QD SV TOTA ATCTRVYVADTPTLTEKTERTLF

AAAUUAGGAAAACCAUUACCUGCAGAUGAUGACCAAGAUGAAGACAGAAGAAGGGCUCUG
K L G K P LPATDTDTDTG QT DTETDTRTERTERATL

CUGGAUGAGACCAAGGCGUGGUUUAGAGUGGGCAUAACUGAGACACUGGCUACUGCGGUA
L DETTU KA AMWTEFT RV YV GTITTETTLA ATA AUV

GCAACGCGGUAUGAAGUUGAUAACAUCACACCGGUCCUGCUGGCACUGAGGACCCUUGCG
ATRZYEUVDNTITZPVTILTLATLT RTTLA

CAAAGCAAGAGAUCUUUUCAGGCCAUAAGGGGGAAAAUGAAGCAUCUCUACGGUGGUCCU
0O S KRSFOATIT RTGTEKMEKTEBTILVYTG GG GP

AAAUAG 3486
K *

2580

2640
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Figure 3. Translated sequence of the nsP3-nsP4 region of the MRM18520 strain of
Sindbis from Australia. Conventions are the same as in Figure 2.




Page 18

Figure 4. nsP3/nsP4 of Girdwood (1963, South Africa, human)
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GCACCGUCAUACCGCACUAAAAGGGAGAACAUUGCUGAUUGUCARGAGGAAGCAGUUGUC
AP S Y RTT KT RTETNTIA ADTGCG OQTETETA AVUV

AAUGCAGCCAAUCCGCUGGGCAGACCAGGCGAAGGAGUCUGCCGUGCCAUCUAUAAACGU
N AANTPTLTGTRTPGTETG VT CT RATITZY KR

UGGCCGAACAGUUUCACCGAUUCAGCCACAGAGACCGGCACCGCAAAACUGACUGUGUGC
WPNGSTPFTTDTSATTETT GTA ATERKTELTTUVC

CAAGGAAAGARAGUGAUCCACGCGGUUGGCCCUGAUUUCCGGAAACACCCAGAGGCAGAA
QO G K KVTIUHAVGTPDTFT RTIEKTEHTPTEA AE

GCCCUGARAUUGCUGCAAAACGCCUACCAUGCAGUGGCAGACUUAGUARAUGAACAUAAU
AL KTLTLTGOTPNATZYHAVYVYA ATDTILTUVYVNTEHN

AUCAAGUCUGUCGCCAUCCCACUGCUAUCUACAGGCAUUUACGCAGCCGGAARAGACCGE
I K S VATITPTILTLSTGTIZYATA MATGTZ KD R

CUUGAAGUAUCACUUAACUGCUUGACAACCGCGCUAGAUAGAACUGAUGCGGACGUAACC
L EV SLNTGCTLTTA ATLTGDTERTTDA ATLDUVT

AUCUACUGCCUGGAUAAGAAGUGGAAGGAAAGAAUCGACGCGGUGCUCCAACUUAAGGAG
I Y ¢C L D K K W KUZEIZRIUDAVUL QUL K E

UCUGUAACAGAGCUGAAGGAUGAGGAUAUGGAGAUCGACGACGAGUUAGUAUGGAUCCAU
S V°TETLTEKTDTETDMETITDTDTETLVTWTIH

CCGGACAGUUGCCUGAAGGGAAGAAAGGGAUUCAGUACUACAAAAGGAAAGUUGUAUUCG
P DSCTLTZEXKGTRTEKTGTFSTTTZ KT GTE KTLJY S

UACUUUGAAGGCACCAAAUUCCAUCAAGCAGCAAAAGAUAUGGCGGAGAUAAAGGUCCUG
Y FE GT XPF HOTA AA ATEKTDMAMATETITZKUV L

UUCCCAAAUGACCAGGAAAGCAACGAGCAACUGUGUGCCUACAUAUUGGGGGAGACCAUG
F PNDOTFETSNTETGOQTLTGCA ATZYTITLGTETM

GAAGCAAUCCGCGAAAAAUGCCCGGUCGACCACAACCCGUCGUCUAGCCCGCCARAAACG
E AIRTETEKTCTPVDHTNTPSTSSTPTPTEKT

CUGCCGUGCCUCUGCAUGUAUGCCAUGACGCCAGAAAGGGUCCACAGACUCAGAAGCAAC
L PCLCMGYAMTT PET RTYUHTERTLTERSN

AACGUCAAAGAAGUUACAGUAUGCUCCUCCACCCCCCUUCCARAGUACAAAAUCAAGAAC
N VKEVTVT CSSTT PTLTPZ KT YZ KTITZEKN

GUUCAGAAGGUUCAGUGCACAAAAGUAGUCCUGUUUAACCCGCAUACCCCUGCAUUCGUU
VOKVOQC CTT XK VVTELTFNTP?PHTTZPATFUV

CCCGCCCGUAAGUACAUAGAAGCGCCAGAACAGCCUGCAGCUCCGCCUGCACAGGCCGAG
P ARKZYTIEATPTETGQTPA AR ATPTPA ATCQATE

GAGGCCCCCGAAGUUGCAGCAACACCAACACCACCUGCAGCUGAUAACACCUCGCUUGAU
E APEVA AATTPTTPPAADTNTSTLD

GUCACGGACAUCUCACUGGACAUGGAAGACAGUAGCGAAGGCUCACUCUUUUCGAGCUUY
V TDTIGSTLDMETDTSTSTETG GS STLTFSSF

AGCGGAUCGGACAACUCUAUUACUAGUAUGGACAGUUGGUCGUCAGGACCUAGUUCACUA
S G S DNSTITSMODSWSSGZPS S L

GAGAUAGUAGACCGAAGGCAGGUGGUGGUGGCUGACGUCCAUGCCGUCCAAGAGCCUGCC
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Figure 4. nsP3/nsP4 of Girdwood (1963, South Africa, human)
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E I VD RRQV YV V A DV HAVQE P A

CCUGUUCCACCGCCAAGGCUAAAGAAGAUGGCCCGCCUGGCAGCGGCARGARUGCAGGAA
P VPPPRTELTEKTEKMATRTLELTABAA AA AP RMNOQE

GAGCCAACUCCACCGGCAAGCACCAGCUCUGCGGACGAGUCCCUUCACCUUUCUUUUGGU
E P TPGPASGSTTSSATDTETSTLTEHBTLTSTF G

GGGGUAUCCAUGUCCUUCGGAUCCCUUUUCGACGGAGAGAUGGCCCGCUUGGCAGCGGCA
GV SMSFGSTLTPFTDTGTETMATRTELTAAA

CAACCCCCGGCAAGUACAUGCCCUACGGAUGUGCCUAUGUCUUUCGGAUCGUUUUCCGAC
O P PASTT CTPTDVTPMSTFTGS ST F S D

GGAGAGAUUGAGGAGCUGAGCCGCAGAGUAACCGAGUCUGAGCCCGUCCUGUUUGGGUCA
G E I EELSGSTERTPRVYVTTETGSTETPVTELTFGS

UUUGAACCGGGCGAAGUGAACUCAAUUAUAUCGUCCCGAUCAGCCGUAUCUUUUCCACCA
F EPGTETVT NS STITISSTRSA ATVTSTFTPTP

CGCAAGCAGAGACGUAGACGCAGGAGCAGGAGGACCGAAUACUGACURACCGGGGUAGGU
R K ORRRBRTPRSTRERTTETVZYT*TLTTTG GV G

GGGUACAUAUUUUCGACGGACACAGGCCCUGGGCACUUGCAAARGAAGUCCGUUCUGCAG
G Y I F STDTGPGUHTLTGOTEKTE KT SUVTZILOQ

AACCAGCUUACAGAACCGACCUUGGAGCGCAAUGUUCUGGAARGAAUCUACGCCCCGGUG
N OL TEPTTILTET RNV VTELTETSRTITZYATPUV

CUCGACACGUCGAAAGAGGAACAGCUCAAACUCAGGUACCAGAUGAUGCCCACCGAAGCC
L DT S KETETGQTLTEKTLTRYOQMMPTTE A

AACAABAGCAGGUACCAGUCUAGAAAAGUAGAAAAUCAGARAGCCAUAACCACUGAGCGA
N K S R Y O SRZEKTVETNTZ OTE KA ATITTE R

CUGCUUUCAGGGCUACGACUGUAUAACUCUGCCACAGAUCAGCCAGARUGCUAUAAGAUC
L L SGTILRTLTVYTNTGSA ATT DT GOQTPTETCTVYZ KT

ACCUACCCGAAACCAUCGUAUUCCAGCAGUGUACCGGCGAACUACUCUGACCCAAAGUUU
T Y P KP S Y S S SVDPANTZYSDTPEZKF

GCUGUAGCUGUUUGCAACAACUAUCUGCAUGAGAAUUACCCGACGGUAGCAUCUUAUCAG
AV AV CNNTZYTLEBHETNZTYTPTV VA ATSTYOQ

AUCACCGACGAGUACGAUGCUUACUUGGAUAUGGUAGACGGGACAGUCGCUUGUCUAGAU
I T DEJVYTDA ATYTLTDMVYVTDTGTU VA ATCECTLD

ACUGCAACUUUUUGCCCCGCCAAGCUUAGAAGUUACCCGARARGACACGAGUAUAGAGCC
T ATTFCPATZ KTLT RSZ YPZ KTRUHTETZYRA

CCAAACAUCCGCAGUGCGGUUCCAUCAGCGAUGCAGAACACGUUGCAAAACGUGCUCAUU
P NI RSAVUPSAMONTTLONUVTELTI

GCCGCGACUAAAAGAAACUGCAACGUCACACAAAUGCGUGAAUUGCCAACACUGGACUCA
A ATTZ K RPNTGCNT VT OQMTERTETLTPTTLTD S

GCGACAUUCAACGUUGAAUGCUUUCGAAAAUAUGCAUGUAAUGACGAGUAUUGGGAGGAG
ATFUNVETCTPFT RTEKTYA ATCNTDTETZTYTWEE

UUUGCCCGAAAGCCAAUUAGGAUCACUACUGAGUUCGUUACCGCAUACGUGGCCAGACUG
F ARKPTIRTITTTETFTVTA ATYTVA ATRTL

AAAGGCCCUAAGGCCGCCGCACUGUUCGCAAAGACGCAUAAUUUGGUCCCAUUGCAAGAA
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Figure 4. nsP3/nsP4 of Girdwood (1963, South Africa, human)

K GP KA AALU FAI KTHNTILUVPULQE

2521 GUGCCUAUGGAUAGGUUCGUCAUGGACAUGAAAAGAGACGUGAAAGUUACACCUGGCACG 2580
VPMDTBRTEFVMDMEKT RTDVTEKTYVYTTPGT

2581 AAACACACAGAAGAAAGACCGAAAGUACAAGUGAUACAAGCCGCAGAACCCCUGGCGACC 2640
K H TEETZRTPI KTV OQVTIOR-AATETPTLA AT

2641 GCUUACCUGUGCGGGAUCCACCGGGAGUUAGUGCGCAGGCUUACAGCCGUCUUGCUACCE 2700
A Y1LCOGTIGHT RTETLV RTPRTLTA AVTIELTELFP

2701 AACAUUCACACGCUUUUUGACAUGUCGGCGGAGGACUUUGAUGCAAUCAUAGCAGAACAC 2760
N I HTTLPFDMTGSA ATETDTFTDA ATITIA ATEH

2761 UUCAAGCAAGGUGACCCGGUACUGGAGACGGAUAUCGCCUCGUUCGACARAAGCCAAGAC 2820
F KO GDPVTLETQDTIASTETDTEKS Q D

2821 GACGCUAUGGCGUUAACUGGCCUGAUGAUCUUGGAAGACCUGGGUGUGGACCAACCACUA 2880
D AMATLTTGTLMTITLETDTELT GV VTDTOQTPL

2881 CUCGACUUGAUCGAGUGCGCCUUUGGAGAAAUAUCAUCCACCCAUCUGCCCACGGGUACC 2940
L. D LI ECTATFTGTETTSSTTHTELTPTGT

2941 CGUUUCAAAUUCGGGGCGAUGAUGAAAUCCGGAAUGUUCCUCACGCUCUUUGUCAACACA 3000
R F KF G A MMZETGSTGMTPTLTTLTEU VNT

3001 GUUCUGAAUGUCGUUAUCGCCAGCAGAGUAUUGGAGGAGCGGCUUAAAACGUCCARAUGU 3060
VL NVVTIAGSTRGTYVTLTETETRTLTIEKTSZKC

3061 GCAGCAUUUAUCGGCGACGACAACAUCAUACACGGAGUAGUAUCUGACAAAGAAAUGGCU 3120
AAF I GDTJDONTITIEBHTGTVVYVSDTEKTEMA

3121 GAGAGGUGUGCCACCUGGCUCAACAUGGAGGUUAAGAUCAUUGACGCAGUCAUCGGCGAG 3180
ERCATMWTILNMETYTERKTTITDA ATVYVTISCGE

3181 AGACCGCCUUACUUCUGCGGUGGAUUCAUCUUGCAAGAUUCGGUUACCUCCACAGCGUGU 3240
R PP Y FCGGGTPFTITLOD S VTTSTA AC

3241 CGCGUGGCGGACCCCUUGAAAAGGCUGUUUAAGUUGGGUAAACCGCUCCCAGCCGACGAC 3300
RV ADTPTLTEKT RTLTETEKTELTGTZ K PTLTPA ATDD

3301 GAGCAAGACGAAGACAGAAGACGCGCUCUGCUAGAUGARACAAAGGCGUGGUUUAGAGUA 3360
E QD EDORTPERTERATLTLTGDTETT KA ATWTFTR RV

3361 GGUAUAACAGACACCUUAGCAGUGGCCGUGGCAACUCGGUAUGAGGUAGACAACAUCACA 3420
G I TDTTLAVA AV VATT RTYTETVT DNTIT

3421 CCUGUCCUGCUGGCAUUGAGAACUUUUGCCCAGAGCAAAAGAGCAUUUCAAGCCAUCAGA 3480
P VLTLATLTPRTTFA AGCOQST KT RATFTG QA ATIR

3481 GGGGAAAUAAAGCAUCUCUACGGUGGUCCUAAAUAG 3516
G E I KHLJYGGT P K *

Figure 4. Translated sequence of the nsP3-nsP4 region of the Girdwood strain of
Sindbis isolated in South Africa. Conventions are the same as in Figure 2.
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Figure 5. nsP3/nsP4 of Whataroa M78 (1962, New Zealand, mosquito pool)
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VYCTLODTEXKZ KXW O OTRTIDATYTLT RTLEKE

GAGGUAACGGAGCUAAAAGACGACGACAUGGARAUUGAUGAGGAGCUGGUUUGGAUCCAC
EVTETLTEKT DTDTDMTETITDTETETLTVTWTI H

CCUGACAGCUGUUUGAAAGGACGUARAGGCUUUAGCACCACCARAGGCAAACUGUAUUCA
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P AR XKFTIETTET P XKTETTETDTDA AR ATQ P
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UAUACAUAUGAGCCUAACCAACCGGAGUGCUACARAACCACAUAUCCGAGACCAUUGUAU
Y TYETPNGOQTPTETCY KTTJYTPRGPTLY

UCUAGUAGCAUACCAGUUAGUUACGAUAGCGCACAAGUGGCGGUCGCAGUGUGCAAUAAC
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Figure 5. Translated sequence of the nsP3-nsP4 regions of Whataroa virus,
isolated in New Zealand. It is clear from this sequence that Whataroa virus is
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development of techniques for construction of such a litrary. The details of the methods
developed are presented in the Methods section and required a careful attention to detail in order to
obtain a random library. With the automated DNA sequencer, 24 DNA samples can be analyzed at
one time and each sample can be read automat.cally to more than 400 nucleotides. Thus about
10 kb of sequence is obtained from a single run. To obtain the complete sequence of a viral RNA
requires over-sequencing of the genome because of compression artifacts and occasional
misreading by the machines and a slightly nonrandom distribution of the sequences obtained. The
procedure developed as the most efficient is to over-sequence about three-fold, that is to obtain
about 30 kb of sequence for the 12 kb RNA, align this sequence using computer programs and
using the homology between different alphaviruses, and then to fill in any gaps that might still exist
by designing PCR primers that can be used to obtain double-stranded cDNA for the missing
segments and sequence this DNA manually. Fig. 7 illustrates the distribution of cDNA clones
obtained using the technology developed for Whateroa virus and shows the random nature of the
clones obtained. Fig. 8 illustrates sequence output from the Applied Biosystems sequenator for
one clone (the original output is in four colors, a different color for each of the four nucleotides,
which aids in interpreting the data). This sequence is automatically recorded in a computer file.
Fig. 9 shows the DNA sequence obtaincd from this clone of Whateroa virus and compares the
sequence to that of Sindbis virus. The technology is highly suitable to obtaining large amounts of
sequence from alphaviruses and makes it conceptually feasible to examine a large number of
different alphaviruses or of strains of one alphavirus isolated from different locations of the world
in order to examine the relationships of the viruses to one another. The sequence of the nsP3-nsP4

region of Whataroa virus obtained by this method was shown in Fig. 5.

Mapping of a Neutralizing Antibody-Binding Site in Glycoprotein E2

A Agt11 library containing randomly generated 100-300 base pair Sindbis cDNA inserts in
the lacZ gene was tested for reactivity with 6 mAbs, using 1251-protein G to detect the presence of

mADb (all were IgGs) bound to immunoreactive phage clones on nitrocellulose filters. Four
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Figure 9. Comparison of the sequence of clone NZ430 of Whataroa virus
(from data in Figure 8) with the sequence of Sindbis virus. Vertical lines
between nucleotides highlight identity;, vertical dots show ambiguities.
Underlined sequence is that of the EcoRI linker used to construct the
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CGGTCCCGTACAAGGTCGAAACAATAGGAGTGATAGGCACACCGGGGTCG

: | 1 | b
....................... NGGTATACGACTCACTATAGGGCGAAT

GGCAAGTCAGCTATTATCAAGTCAACTGTCACGGCACGAGATCTTGTTAC

SN Ay S T S Ay
TCCGAATCCGCAATCATTAAAAACATCGTCACTACCAGGGATCTTGTGAC

CAGCGGAAAGAAAGAAAATTGTCGCGAAATTGAGGCCGACGTGCTAAGAC
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CCACGCAGGAGCACTACTTGCCTTGATTGCTATCGTCAGGCCCCGCAAGA
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CCACGCTGGCACCCTATTGGCCTTAATCGCCATAGTCCGACCTAGARATA

AGGTAGTACTATGCGGAGACCCCATGCAATGCGGATTCTTCAACATGATG

R NN N O N I e AR NNy
AAGTGGTCCTATGTGGCGACCCAAAACAGTGTGGTTTCTTCAACATGATG

CAACTAAAGGTACATTTCAATCACCCTGARAAAGACATATGCACCAAGAC
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CAGCTGAAGGTCCACTTTAACGACCCTGAACGCGACATTTGCACGANGAC

ATTCTACAAGTATATCTCCCGGCGTTGCACACAGCCAGTTACAGCTATTG
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GTTCTACAAATACATTTCTCGTCGGTGCACGCAACCGGTGACAGCAATTG
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clone; sequence upstream of this is vector.
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positive phage clones were identified when mAb 23 was used to screen 100 plaques, designated
A23a, A23b, A23c and A23d. Results with two of these clones are illustrated in Fig. 10; also
shown is a control in which a nonreactive region of E2 is present as an insert in the Agtl1 clone.
These four phages were plaque purified and DNA prepared from each (Young and Davis, 1983).
The inserts were removed with EcoRI, subcloned into vector M13mp18, and sequenced by the
dideoxy chain termination procedure (Sanger et al., 1977). The four inserts contained overlapping
sequences from the central region of glycoprotein E2 (Fig. 11). The insert in A23a comprised E2
residues 155-258, that in A23b comprised residues 173-251, that in A23c 145-223, and that in
A23d 169-220. Thus the domain from residues 173 to 220 is present in all four inserts, and the
neutralizing epitope recognized by mAb 23 must lie within this region. It is of note that this
overlap region is 2-3 fold larger that the 15-22 amino acid residues found to contact antibody in
epitopes defined by X-ray diffraction analysis (Laver et al., 1990), and it is conceivable that the
epitope could be formed by a folded structure with contributions from residues throughout this

region.

We also attempted to identify fusion proteins immunoreactive with four other E2-specific
neutralizing mAbs, namely mAbs 18, 50, 51, and 49, as well as fusion proteins immunoreactive
with mAb 33, specific for glycoprotein E1. In each case 106 plaques were screened. No positive
plaques could be identified with any of these antibodies. We concluded that these antibodies
probably react with conformational epitopes not present in the Agtl1 library, either because these

epitopes are discontinuous or consist of conformations not assumed by the fusion proteins.

Conclusions

Rapid Sequencing of Virus RNAs. High throughput automated DNA sequencing is
ideally suited to obtaining large amounts of sequence data for strains of alphaviruses or for other

viruses. The methods that we have developed can be used for any RNA virus and are suitable to
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Figure 10. Reactivities of phage clones A23a and A23b with MAb 23.
Immunoreactive phage plaques were picked and rescreened until a uniformly
reactive population was obtained. Illustrated are the final populations for two
reactive clones and a nonreactive clone expressing amino acids 129 - 192 of E2
(control). Phage stocks were plated on E. coli Y1090 in the presence of the inducer
and the plaques transferred to nitrocellulose. Filters were incubated with MAb
23 followed by 1251 conjugated protein G and autoradiographed. Comparison of
the autoradiogram with the pattern of plaques on the petri plate showed that all of
the 123a and A23b plaques reacted with the antibody.
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obtaining sequence information for different viruses belonging to a virus group or to obtaining
sequence for strains of the same virus isolated from different geographic regions. This makes it
feasible to examine a large number of isolates and therefore to determine the relationships among a
group of viruses or to search for emergent viruses that differ in certain fundamental ways from
other members of the group. The sequences presented in this report are an example of what it is
possible to do. These sequences examine the relationships among a number of different

geographic isolates of Sindbis-like viruses.

An Antibody Binding Domain in E2. The Agtll system provides a rapid, specific,
and sensitive strategy for the physical mapping on large viral genomes of the genes encoding
proteins for which antibody reagents are available. We used small Sindbis virus genomic inserts in
an attempt to define the immunoreactive domain of the protein more precisely. The limitation of the
Agtll system is the fact that these protein domains are expressed as part of a fusion protein and
thus may not fold in the same way as the native protein, and only antibodies that interact with
contiguous linear domains of the proteins of interest may be reactive with phage plaques.

From the sequence of the inserts in the four clones immunoreactive with mAb 23, it is clear
that this antibody can react with a single continuous region of the Sindbis glycoprotein E2, and that
the neutralization epitope must lie within the 48 residues between amino acids 173 and 220. This
result is consistent with the results from mapping of antibody escape variants resistant to mAb 23
(Fig. 10). Sequencing of 3 independent variants resistant to mAb 23 and of 2 independent
revertants selected to be sensitive again to mAb 23, as well as of other variants, has shown that
residue 216 is important for reactivity with mAb 23 (Strauss et al., 1991). Virus with Lys-216
were fully sensitive to mAb 23, virus with Val-216 or Ile-216 demonstrated a reduced sensitivity to
mAb 23, and virus with Glu-216 were resistant to mAb 23. From the results obtained here, it
appears likely therefore that residue 216 interacts directly with mAb 23.

Although the remaining antibodies tested failed to react with the Agt11 library, presumably

because they react with conformational epitopes not present in the library, it seems likely that the
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E2-specific mAbs 50, 51, 49, and 18 also bind to epitopes at least partially encompassed within
this same domain. Variants selected to be resistant to these mAbs were all found to have amino
acid changes responsible for the escape from neutralization within the domain from residues 181 to
216 (Fig. 1) (Strauss et al., 1991). Furthermore, mAb 23 and these mAbs all react with closely
spaced or overlapping epitopes as defined by competition assays or by the pattern of cross
reactivity of different variants resistant to the various antibodies (Davis et al., 1987; Schmaljohn et
al., 1983; Strauss et al., 1991). The results are all consistent with the hypothesis that the E2
domain between 173 and 220 forms a major antibody binding region important for neutralization of
virus infectivity. This domain is illustrated in Fig. 11 with the locations of antibody escape
variants shown and the region selected by mAb 23 indicated. This domain is hydrophilic,
containing 25% charged residues, and has a glycosylation site at Asn-196, and thus is almost
certainly exposed on the surface of the glycoprotein spike (Strauss and Strauss, 1986).

We have previously found that an antiidiotypic antibody to mAb 23, as well as antiidiotypic
antibodies to mAbs 49 and 50, function as antireceptor antibodies in chicken cells (Wang et al.,
1991). This suggests that the E2 domain defined by the fusion protein reactive with mAb 23 and
by the antibody escape variants might form part of the antireceptor on the virus spike that binds to
the cellular receptor. This hypothesis is supported by the observation that two strains of Sindbis
virus that differ only in having Gly or Arg at residue 172 of E2 differ in their ability to bind to
neuroblastoma cells in culture (Tucker and Griffin, 1991) and differ in their neurovirulence for
mice (Lustig et al., 1988).

These results make clear that the region of E2 between residues 170 and 220 contains a

number of dominant epitopes, and that this region is a key region for the development of vaccines.
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